In this article, the authors show that geometric asymmetry in the layout of tunnel diodes yields asymmetry in the current-voltage ͑I-V͒ relationships associated with these diodes. Asymmetry improves diode performance. This effect is demonstrated for polysilicon-SiO 2 -Ti/ Au and for Ni-NiO-Ni tunneling structures. For a polysilicon-SiO 2 -Ti/ Au asymmetric tunneling diode ͑ATD͒, sensitivity and I-V curvature improvements of 71% and 350% are achieved, respectively. For a Ni-NiO-Ni asymmetric diode, sensitivity and I-V curvature improvements of 15% and 39% are observed. The authors further demonstrate that this asymmetry enhances the microwave radiation detection sensitivity of these diodes at 900 MHz. Superior rectifying performance of a Ni ATD is observed due to smaller band-edge offsets in this material compared to that of a polysilicon ATD. The resulting structure can be further optimized using plasmonic field enhancement.
I. INTRODUCTION
One of the earliest methods of detection of electromagnetic radiation utilizes metal-insulator-metal ͑MIM͒ diodes. These are the so-called "cat's whisker" detectors used in the early days of radio. Research has demonstrated useful rectifications into the range of infrared frequencies with optimized antenna coupling. [1] [2] [3] In this article, we demonstrate that geometric enhancement of tunneling current through the "lightening rod effect" is possible. We further show that layout asymmetry leads to an asymmetric current-voltage characteristic. This, in turn, leads to improved detection sensitivity. This effect is shown experimentally below.
We base our approach on a simple nonlinear tunneling diode current model originally proposed by Heiblum et al. 4 Here, the rectified dc voltage ͑V rect ͒ presented to and the rectified current ͑I rect ͒ driven through a load are given by
where I Ј ͑V bias ͒ and IЉ͑V bias ͒ are the first and second derivatives of the dc current at the diode bias point ͑V bias ͒, respectively. V ac is the magnitude of the ac voltage coupled to the tunneling diode. The sensitivity factor ͑S͒ is a figure of merit for tunneling diodes. It is defined as the ratio of the second derivative to the first derivative of the tunneling current ͑IЉ / IЈ͒ at a given bias condition. These relationships indicate that increased nonlinearity ͑IЉ or the curvature͒ is the key to improving rectification performance. Furthermore, an asymmetric tunneling current characteristic is a critical factor for improving performance as this asymmetry enhances demodulation efficiency at a zero-bias operating condition. 3 To achieve asymmetric tunneling currents, a common approach using dissimilar metal electrodes has been used. 3, 5 The combination of different densities of states and different work functions leads to an asymmetric current-voltage relationship. 6 However, the dissimilar electrode scheme is limited by material properties. There are only a few material systems suitable for tunnel junctions. For example, in order to achieve tunneling in a MIM system, the band-edge offset between the metal Fermi level and the bottom of the insulator's conduction band should be small. This is one of the reasons that the Ni-NiO system is popular. Hobbs et al. stated that the band-edge offset of a Ni-NiO junction is as small as a few tenths of an eV. 2 This enables the system to enter the Fowler-Nordheim tunnel regime at relatively low bias levels. Thus, the insulator barrier thickness can be large ͑greater than 1 nm͒, the "tunneling distance" can be relatively small, the electric field in the insulator would be below 5 MV/cm, and the junction would not enter into a destructive breakdown. But even so, in the work of Hobbs et al., 2 the product of the forward diode resistance and the diode capacitance is limited to 30 fs in a Ni-NiO system. As a result, this limits shorter wavelength detection using MIM tunneling diodes. Thus, to achieve infrared ͑and shorter wavelength͒ detection, further improvements are required. In this article, we explore the introduction of a geometric asymmetry layout ͑GAL͒ technique in improving diode performance. This technique has been successfully demonstrated experimentally by using both polysilicon and nickel electrodes. The details of the proposed technique, diode fabrication, and results are given below. The performances of the polysilicon and nickel tunneling diodes are compared and contrasted for the various geometries employed. We show sensitivity and curvature improvements of 71% and 346% for polysilicon and 15% and 39% for a Ni tunneling diode, respectively.
II. IMPLEMENTATION OF GAL TECHNIQUE
By using a sharpened triangle electrode shape, high electric fields are induced in the pointed tip. This is the well known lightning rod effect. Furthermore, the pointed tip adjacent to a plane can give a directional dependency to this effect. We call the resulting structure an asymmetric tunnel diode ͑ATD͒. To verify the validity of this approach, we estimated the degree of geometrically induced field enhancement and asymmetry using a conformal mapping solution to the Poisson equation. 7 In Fig. 1͑a͒ , we see the equipotentials around an ultrasharp tip, shown here as a "needle" to the right. The lightning rod effect causes a sharp bunching of the surfaces and an attendant high field at the needle tip. The plane spreads the equipotentials, lowering the field. In Fig. 1͑b͒ , we see the potential plotted as a function of position, normalized to the bias at the needle tip. Also, we show what happens when we halve the tip-to-plane separation from 4 to 2 nm. In both cases, the electric field ͑the slope of the potential versus position plot͒ increases at the tip. If we ratio the field ͑calcu-lated as the potential versus position slope͒ at nine-tenths of the way to the needle tip to the field at the planar surface, we find that for both cases shown in Fig. 1͑b͒ , the ratio is close to 2.3. Thus, the electric field is more than double on the tip with respect to the plane. Therefore, the tunneling current in this structure can be asymmetric due to the geometric field enhancement.
III. ATD FABRICATION
The critical issue in developing the ATD using the GAL technique is the sharpness of the first electrode tip. Initially, we explored two common methods for metal patterning: metal lift-off and wet metal etching. But the patterning resolution of either of these two processes was inferior to that of reactive ion etching. We were able to use a reactive ion etch for feature definition of the polysilicon components. The nickel films, described below, were defined by lift-off and exhibited some tip rounding.
ATD fabrication consists of four steps: preparing the substrate, patterning the polysilicon electrode, performing surface oxidation, and patterning the metal electrode and pads. We start with nitride deposition on a Si wafer using plasma enhanced chemical vapor deposition in order to isolate the components from the substrate and to lower the pad-tosubstrate capacitive coupling. The polysilicon layer is deposited on the nitride using low pressure chemical vapor deposition to create the active device material. The nitride is 800 Å thick, and the polysilicon is 600 Å thick. Polysilicon doping is performed using a spin-on-dopant ͑SOD͒ containing phosphorus, followed by a rapid-thermal-anneal ͑RTA͒ process. After SOD coating, the sample is baked at 200°C for 20 min on a hot plate. A simple 30 s RTA process at 1000°C transfers the dopants into the deposited polysilicon layer. Finally, the SOD is removed using a buffered oxide etch ͑BOE͒.
For device patterning, we use e-beam writing with a Raith e-LiNE writer instead of optical lithography because of its higher resolution. A triangular polysilicon pattern is chosen for the basic device shape. Hydrogen silsesquioxane ͑HSQ͒ and CD-26 are used as an e-beam resist and a developer, respectively. A 10 kV acceleration voltage and a 10 m aperture size result in a 32 pA current. The 160 C / cm 2 writing dose gives perfect dose clearance for the triangle patterns. After the development with CD-26, reactive ion etching ͑RIE͒ is applied using SF 6 and O 2 to etch out the polysilicon layer. Electron exposed HSQ patterns work as an etch stop layer during RIE etching and are removed using BOE solution after the etching.
We use a boiling water oxidation process for surface oxide of the polysilicon electrode. This oxidation process accelerates the growth of the native oxide. 8 The controllability and repeatability of the boiling water oxidation process were checked in a previous work. 9 Before the oxidation, native oxide is removed using BOE. Then, the sample is oxidized in boiling water for 5 min. A combination of photolithography and BOE etching opens a contact to the polysilicon electrode through the surface oxide layer. Finally, a metal pad on the polysilicon electrode and another metal electrode, covering one corner of the polysilicon triangle, are made by the Ti/Au metal lift-off process. A schematic representation of the entire process flow is shown in Fig. 2 .
IV. RESULT AND DISCUSSION
A. The polysilicon ATD Figure 3 shows a completed polysilicon ATD. The sharp tip of the triangle electrode is covered by another rectangular metal electrode ͑Ti/Au͒. The inset image shows the tunneling junction area only. Figure 4 shows the measured tunneling current and extracted sensitivity of the highest sensitivity polysilicon ATD. Here, the sensitivity is extracted using a fifth order polynomial fit. Note that external bias is applied to the first electrode ͑the triangle electrode in Fig. 3͒ implemented by applying the GAL technique, and the second electrode is grounded for all dc current-voltage measurements in this article. The current plot shows very strong asymmetry in Fig. 4 . The tunneling current at Ϫ0.4 V is 6.3 times the forward current at the same forward bias voltage. The sensitivity plot shows clear improvement under the reverse bias conditions. The maximum sensitivity is reached at −22 V −1 for a Ϫ60 mV terminal bias. On the other hand, the maximum sensitivity of the forward bias conditions is 13 V −1 at +60 mV. The higher tunneling current, 71% of sensitivity improvement, and the 4.5 times higher current curvature in the reverse bias region all demonstrate the positive effect of the GAL technique. Faris et al. showed that improved dc current-voltage performance is indicative of superior diode performance into the infrared. 1 Next, we prepared "crossbar" tunneling diodes in which a rectangular polysilicon bar is crossed over by another Ti/Au metal bar, separated by a thin tunneling barrier implemented by the boiling water oxidation process. This crossbar diode is similar to the basic "edge-metal oxide metal" structure originally presented by Heiblum et al. 4 The current-voltage relationships for this structure are shown in Fig. 5 . The tunneling current of a crossbar diode shows very weak asymmetry. This weak current asymmetry is due to the different work functions ͑ϳ0.28 eV͒ and densities of states between the doped polysilicon layer and Ti. This comparison of electrode shape differences between a sharpened polysilicon ATD and a crossbar diode highlights the improved geometric field enhancement created by the GAL technique. Thus, we have verified that a strongly asymmetric tunneling behavior is created by the geometric field enhancement associated with the sharp tip.
After dc measurement, a rf rectification test was performed at 900 MHz with a 30 dBm ͑rf output power from a rf source͒ incident. For rf rectification tests, a rf source is connected to a transmission antenna. The rf response was measured using needle probes contacting the output pads of the tunnel device. These probe tips work as a "rabbit ear" antenna, coupling the rf waves from the transmission antenna to the ATDs. Figure 6 shows the rectified dc current at each bias point and the second derivative of the tunneling current.
As predicted by Eq. ͑2͒, the rectified currents follow the current curvature ͑IЉ͒. The diode gives higher ͑by roughly a factor of 2͒ rectified currents at the reverse bias side of the current-voltage plot.
B. NI-NiO-Ni ATD
As mentioned above, polysilicon ATDs are advantageous in that they can be reactive ion etched to fine points. But, as previously pointed out, there is a rather large band-edge offset between the polysilicon and silicon oxide layers, and the low conductivity of a polysilicon layer limits diode performance. As previously described, a Ni-NiO tunneling junction is attractive as a result of the low band-edge offset. We have attempted to apply our GAL technique to create NiNiO-Ni MIM asymmetric tunneling diodes ͑MIMATDs͒.
Ni electrodes are patterned by e-beam writing, metal evaporation, and the lift-off process on the same substrate without a polysilicon layer. After the first sharpened triangle electrode ͑60 nm͒ patterning, the surface oxidation of the first Ni electrode is performed in an oxygen plasma struck in a RIE chamber. Next, the pointed tip of the first Ni electrode is covered by the second Ni electrode ͑80 nm͒. The fully fabricated Ni-NiO-Ni diode is shown in Fig. 7 . The inset is a high resolution scanning electron microscopy ͑SEM͒ image of the overlap area indicated with a square in Fig. 7 . A triangle electrode shape is used again to exploit the GAL technique and to form the point of attachment of the antenna to the tunnel junction. To apply an external bias, bias contact lines are made to each bow segment. Figure 8 shows a measured dc I-V plot and the extracted sensitivity. The asymmetric current characteristic is still maintained, and a MIMATD is demonstrated using the GAL technique. As the two electrodes of the diode are both made by Ni, the observed asymmetry in the current-voltage plot must be the effect of the GAL technique. Hobbs et al. reported an apparent barrier asymmetry, even in the materialsymmetric structures. They attributed the asymmetry to the fact that the oxidation process for the tunneling barrier is applied to the first electrode only, not to the second electrode. 10 But the observed asymmetry presented here shows the opposite trend compared with that of Hobbs et al. Therefore, our observation is consistent with the identification of the GAL effect as the main reason for the observed asymmetry. Furthermore, we prepared simple overlapping Ni-NiO-Ni MIM diodes as developed by and reported on by Fumeaux et al. 11 The simple overlap MIM diodes have an almost symmetric current characteristic.
The previous rf test has been repeated to verify the MI-MATD's rectification characteristics. The rectified dc current and the second derivative of the tunneling current for a Ni tunneling diode are plotted in Fig. 9 . In all cases, these currents follow the trend of the second derivative of the current also. Compared to Fig. 6 , we can see that much higher rectified dc currents are observed for this Ni MIMATD. Once again, the sharp tips exhibited higher curvature and sensitivity, even in this new material system. The nickel exhibited higher sensitivity and curvature, most likely due to its small band-edge offset. This is true despite the relatively rounded shape of the needle-side points. Further tip sharpening should significantly improve the nickel diode performance.
V. SUMMARY
In this work, polysilicon and Ni ATDs were successfully implemented using the GAL technique. The GAL scheme provides impressive performance improvement in the curvature and sensitivity of both the nickel and polysilicon ATDs. For the case of polysilicon, a 4.5 times higher maximum current curvature was observed. Furthermore, we verified that a Ni MIMATD has better rectifying performance even if the electrode is not as sharp as a polysilicon. We anticipate performance improvement using a sharper Ni electrode. The improvements in sensitivity and curvature of four different diodes, based on geometry and material variation, are summarized in Table I . This, to our knowledge, is the first thin film tunneling diode in which an asymmetric tunneling characteristic is achieved by exploiting geometric field enhancement rather than work function difference effects. The proposed GAL scheme has two main advantages: It can create field enhancement without the material limitations experienced in attempting to achieve asymmetry by relying on density of state differences; the scheme can be merged with the dissimilar electrode method easily and directly.
Furthermore, the "bowtie" structures shown here are similar to those used to create electric field enhancement in surface-enhanced Raman spectroscopy. 12 Thus, by appropriate choice of materials, it may be possible to launch a plasmon creating significant enhancement in the tunnel current without an attendant increase in diode capacitance. This effectively lowers the diode forward resistance, and the diode RC time constant as well. We are now working on improving the sharpness of the metal electrode, and we are concentrating on methods to achieve plasmonic field enhancement.
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